Plants respond to pathogen attack with dynamic rearrangements of the endomembrane system and rapid redirection of membrane traffic to facilitate effective host defence. Mounting evidence indicates the involvement of endocytic, secretory, and vacuolar trafficking pathways in immune receptor activation, signal transduction, and execution of multiple defence responses including programmed cell death (PCD). Autophagy is a conserved intracellular trafficking and degradation process and has been implicated in basal immunity as well as in some forms of immune receptor-mediated vacuolar cell death. However, the regulatory interplay of autophagy and other membrane trafficking pathways in PCD and defence responses remains obscure. This review therefore highlights recent advances in the understanding of autophagic and membrane trafficking during plant immunity, and discusses emerging molecular links and functional interconnections.
Introduction
Plants have shaped throughout their co-evolutionary battle with microbes a sophisticated innate immune system that relies on different reservoirs of immune receptors and a plethora of defence responses (Jones and Dangl, 2006) . Programmed cell death (PCD) at the site of attempted pathogen invasion, known as the hypersensitive response (HR), is one of the most dramatic consequences of induced immunity, and is mainly triggered by intracellular immune receptors of the nucleotide-binding leucine-rich repeat (NB-LRR) protein family (Coll et al., 2011; Spoel and Dong, 2012) . NB-LRRs recognize specific pathogen-derived effector proteins that are delivered into plant cells to manipulate host processes and facilitate infection (Boller and He, 2009; Dou and Zhou, 2012) . Activation of NB-LRRs occurs either by direct effector binding or, in most cases, by detection of effector-mediated perturbations of associated ('guarded') host target proteins (Jones and Dangl, 2006; Bent and Mackey, 2007; Dodds and Rathjen, 2010) . Effector-triggered immunity (ETI) protects plants from adapted pathogens, whose effector repertoire is able to suppress basal immune responses. These non-specific defences are typically activated by extracellular pattern recognition receptors (PRRs) upon detection of conserved microbial molecules referred to as PAMPs/MAMPs (pathogen-or microbe-associated molecular pattern) (Monaghan and Zipfel, 2012) . Pattern-triggered immunity (PTI) is sufficient to limit infection by a broad range of non-adapted pathogens. The concept, evolutionary relationship, and characteristics of PTI and ETI have been extensively described, and more details are provided by a number of excellent reviews (Thomma et al., 2011; Monaghan and Zipfel, 2012; Schwessinger and Ronald, 2012; Dangl et al., 2013; Henry et al., 2013) .
Membrane trafficking is emerging as a central theme in plant innate immunity and has been implicated in immune receptor activation, defence signalling, and targeting of cellular cargo to pathogen invasion sites (Kwon et al., 2008a; Frei dit Frey and Robatzek, 2009; Beck et al., 2012a) . In addition, manipulation of membrane trafficking regulators by effector proteins appears to be an important strategy to enhance pathogen virulence (Nomura et al., 2006 (Nomura et al., , 2011 Bozkurt et al., 2011; Gu and Innes, 2012) . While many of these processes are connected to basal defences and PTI, examples of specific trafficking routes in ETI and associated HR are still rare. In this context, autophagy is increasingly recognized as an intracellular trafficking pathway with substantial roles in the regulation and promotion of vacuole-mediated forms of developmental and immunity-related PCD (Hofius et al., 2009; Kwon et al., 2010a Kwon et al., , 2011 Kwon et al., , 2013 . Autophagic cell death is also regarded as a distinct PCD pathway in other eukaryotic models, but the existence of death 'by' rather than 'with' autophagy mechanisms is a matter of ongoing debate (Edinger and Thompson, 2004; Kroemer and Levine, 2008; Ryoo and Baehrecke, 2010; Hayward and Dinesh-Kumar, 2011; Hofius et al., 2011) .
Primarily, macroautophagy (here referred to as autophagy) is a dynamic catabolic process in which membrane trafficking mediates the delivery of cellular content to the vacuole/lysosome for degradation. A hallmark of autophagy is the formation of double-membrane vesicles, called autophagosomes, which arise from expanding single membranes (termed phagophore) of various sources including the endoplasmatic reticulum (ER) and other organelles (Yla-Anttila et al., 2009; Bernard and Klionsky, 2013; Hamasaki et al., 2013) . Autophagosomes sequester cytoplasmic constituents and translocate their cargo via membrane fusion to the degrading compartment (Boya et al., 2013) . Autophagic trafficking facilitates non-selective degradation of bulk cytoplasmic portions for nutrient remobilization as well as selective clearance of toxic or redundant structures (e.g. abnormal protein aggregates and damaged organelles) during cellular quality control. Thus, despite its occasional involvement in cellular suicide, autophagy serves mainly as a survival mechanism in cellular homeostasis and in a variety of stress responses Boya et al., 2013) . A protective function of autophagy has also been implicated in innate immune responses to pathogen infection (Deretic, 2012) . In animals, autophagosomes directly target intracellular bacterial and viral pathogens in a process called xenophagy, or mediate recognition of PAMPs and viral replication intermediates by Toll-like immune receptors (Levine and Deretic, 2007; Knodler and Celli, 2011; Dong and Levine, 2013) . In turn, pathogens have evolved various strategies to evade, suppress, or exploit autophagic mechanisms for survival and proliferation (Deretic and Levine, 2009; Sumpter and Levine, 2010) . In plants, distinct roles of autophagy in basal immunity to biotrophic and necrotrophic pathogens were proposed, but its contribution to PAMP-mediated pathogen sensing and restriction remains unclear (Hayward and Dinesh-Kumar, 2011; Lenz et al., 2011) .
The engagement of autophagy in immunity-related cell survival and death pathways infers multifaceted regulatory interactions with pathogen-triggered endocytic, secretory, and vacuolar trafficking events, but experimental support for this assumption is limited. In this review, we summarize recent advances in the understanding of membrane trafficking and autophagic mechanisms during pathogen-triggered cell death and immunity, and discuss their potential molecular links and functional interconnections.
Membrane trafficking pathways during immune responses
The blueprint of membrane trafficking pathways is generally conserved in eukaryotes, but additional transport routes (e.g. to the protein storage vacuole) have evolved in plant cells to accommodate their unique endomembrane organization (Cheung and de Vries, 2008) . In general, membrane trafficking in plant cells can be bidirectional and includes secretion [from the ER to the plasma membrane (PM)], endocytosis (uptake from the PM to other endomembrane compartments), and vacuolar transport. These trafficking pathways converge at the trans-Golgi network (TGN)/early endosome (EE), which serves as a sorting station and separates outgoing and incoming proteins (Viotti et al., 2010) . The multivesicular body (MVB), also known as the pre-vacuolar compartment (PVC), was recently shown to mature from the TGN and mediates the delivery of vacuolar cargo by fusion with the tonoplast (Scheuring et al., 2011) . In the following section, we will give a step-wise overview on the involvement of different trafficking pathways in immune responses (see also Fig. 1 ).
Endocytosis
The PM separates the host cytoplasm from the extracellular environment and is armed with a battery of different PRRs to perceive any potential pathogen attack. Recognition of PAMPs/MAMPs by cognate PRRs rapidly activates a signalling cascade of ion fluxes, reactive oxygen species (ROS) production, and mitogen-activated protein (MAP) kinase phosphorylation that results in downstream defence responses and pathogen restriction (Zipfel et al., 2004) . The best-studied PRR is FLAGELLIN-SENSING 2 (FLS2), an LRR transmembrane receptor-like kinase (LRR-RLK), which undergoes ligand-induced endocytosis upon recognition of bacterial flagellin or the flagellinderived peptide flg22 (Chinchilla et al., 2006; Robatzek et al., 2006) . Transduction of flagellin-induced immune signalling requires functional complexes of FLS2 with the LRR-RLK BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE1) and PM-associated receptor-like cytoplasmic kinase BIK1 (BOTRYTIS-INDUCED KINASE 1). After perceiving the presence of flagellin/flg22, BIK1 is phosphorylated in an FLS2/BAK1-dependent manner, and subsequently transphosphorylates FLS2/BAK1 to initiate early PAMP responses (Lu et al., 2010) . Phosphorylation of FLS2 is crucial for FLS2 endocytosis as mutation of a potentially phosphorylated residue in FLS2 abolishes its uptake (Salomon and Robatzek, 2006) .
The endocytic trafficking routes of FLS2 have been elegantly dissected by Robatzek and co-workers (Beck et al., 2012b) . Using a range of membrane trafficking inhibitors and cellular markers, it was shown that non-activated FLS2 is constitutively transported between the PM and recycling endosomes in a pathway that is sensitive to the fungal toxin brefeldin A (BFA), presumably to ensure the constant presence of FLS2 on the PM (Beck et al., 2012b ). In contrast, flg22-activated FLS2 is endocytosed and trafficked in Fig. 1 . Overview of membrane trafficking pathways involved in immune responses. Attempted pathogen invasion is detected at the plasma membrane (PM) by immune receptors that perceive conserved PAMPs such as bacterial flagellin/flg22. The flagellin receptor FLS2 is associated with BAK1 and undergoes ligand-induced endocytosis and degradation involving ubiquitination and trafficking via the multivesicular bodies/pre-vacuolar compartment (MVBs/PVC). In the absence of bacterial challenge, FLS2 constitutively traffics between the recycling endosome (RE) and PM in a BFA-dependent manner. BFA targets the ARF-GEF GNOM, which is also involved in the recycling of the PM-localized syntaxin PEN1. (Additional species-and dosage-dependent effects of BFA on Golgi-to-TGN trafficking or vacuolar targeting are not indicated here.) Upon infection with the non-adapted powdery mildew fungus, PEN1 is secreted and delivered on MVB-derived exosomes to extracellular papilla sites. The cysteine protease C14 is a host protein that is secreted into the apoplast during oomycete infection, presumably to degrade extracellular effector proteins. Polarized secretion of C14 is ubiquitination dependent and targeted by the Phytophthora infestans RXLR-type effector protein Avrblb2. The CC-NB-LRR protein R3a is able to detect the P. infestans effector AvrR3a, which causes R3a to relocalize from the cytoplasm to late endosomes in a BFA-and wortmannin (Wm)-sensitive manner. Endomembrane relocalization of R3a is essential for activation of the hypersensitive response (HR) and disease resistance. The TIR-NB-LRR protein RPS4 associates with the defence regulators EDS1 and SRFR1 on as yet unknown endomembranes. Recognition of the EDS1 targeting bacterial effector AvrRps4 results in relocalization of RPS4-EDS1 complexes to the nucleus for transcriptional defence activation. Activated cytoplasmic pools of RPS4-EDS1 trigger HR cell death, which can be uncoupled from bacterial growth restriction. The CC-NB-LRR protein RPM1 is constitutively associated with a PM-localized defence complex. Sensing of AvrRpm1 activity on the host target leads to activation of multiple PCD and defence pathways. These include a proteasome-dependent fusion process between the tonoplast and PM, which leads to discharge of vacuolar proteins with antibacterial and PCD-inducing activities into the apoplast (see the text for further details).
a BFA-insensitive manner via endosomal compartments that are positive for the Rab5 homologues Ara6 and Ara7. Chemical interference by concanamycin A (impairs vacuolar trafficking by inactivation of vacuolar-type H + -ATPase) and wortmannin [impairs endocytosis and enlarges MVBs/PVCs by inactivation of phosphatidylinositol-3/-4 kinases (PI3K/ PI4K)] confirmed FLS2 localization on MVBs/PVCs, which implies subsequent targeting to the vacuole for proteolytic digestion (Beck et al., 2012b) . The removal of activated FLS2 is assumed to prevent excessive and prolonged activation of immune responses, and has earlier been linked to ubiquitination and 26S proteasome degradation (Lu et al., 2011) . It remains elusive whether vacuolar targeting of FLS2 occurs in a ubiquitination-dependent fashion, and how proteasomeand vacuole-dependent degradation of FLS2 are interconnected and coordinately regulated.
Apart from FLS2, receptor-mediated endocytosis has been described for the LRR-receptor-like protein (LRR-RLP) LeEix2, which activates basal defences and HR upon recognition of the fungal protein elicitor EIX (ethyleneinducing xylanase) in tobacco and tomato cultivars (Ron and Avni, 2004) . Pharmacological and genetic inhibition of endocytosis indicated that internalization and endosomal localization of LeEix2 are essential for EIX-induced signalling and downstream responses (Sharfman et al., 2011) . Interestingly, the endocytic pathway undertaken by LeEix2 is distinct from that described for FLS2 because overexpression of ENDOCYTOSIS INHIBITORY PROTEIN DOMAIN 2 (AtEHD2) only compromised LeEix2-but not FLS2-mediated signalling (Bar et al., 2009) . In addition, while BAK1 is required for proper endocytosis and signalling in the flg22/FLS2 system, it attenuates in complex with the decoy receptor LeEix1 the internalization of LeEix2, and presumably fine-tunes EIX-induced defences (Bar et al., 2010) .
Another PRR that is proposed to undergo endocytic trafficking is the rice LRR-RLK Xa21, which confers racespecific resistance to bacterial blight Xanthomonas oryzae pv. oryzae (Xoo) upon recognition of the secreted sulphated peptide (Ax21) . Functional Xa21-green fluorescent protein (GFP) fusion protein was localized primarily to the PM when overexpressed in transgenic rice plants, and was internalized into endosomal compartments in the presence of BFA (Chen et al., 2010) . However, the functional relevance of endocytosis and potential recycling of Xa21 for Ax21-induced signalling and disease resistance need to be further established.
Secretion
Various pathogen effectors are known to suppress secretion of antimicrobial molecules and callose deposition at the host cell wall to facilitate pathogen survival and proliferation (Hauck et al., 2003; Bartetzko et al., 2009; Bednarek et al., 2010) . Hence, secretion represents a vital part of the host defence against pathogen invasion. Early clues for the involvement of secretion-associated proteins in disease resistance come from the characterization of Arabidopsis penetration (pen) mutants that fail to restrict effectively epidermal ingress by the non-adapted powdery mildew fungus Blumeria graminis f. sp. hordei (Bgh) (Collins et al., 2003) . Penetration resistance to Bgh in the non-host Arabidopsis is mediated by formation of localized cell wall appositions, termed papillae, which consist of callose and extracellular membrane material (Collins et al., 2003) . The pen1-1 mutant showed a significant delay in Bgh-induced callose deposition and papilla formation, suggesting that the timely delivery of papillary material to the site of attempted pathogen entry is critical for penetration resistance (Collins et al., 2003) . PEN1 was identified as syntaxin protein SYP121, which localizes to the PM and is delivered on MVB-derived exosomes to the extracellular papillary matrix (Meyer et al., 2009; Nielsen et al., 2012) . PEN1 is proposed to act in an exocytic immune response pathway through formation of a ternary soluble N-ethylmaleimidesensitive factor attachment protein receptor (SNARE) complex with the PM-bound adaptor protein SNAP33 (soluble N-ethymaleimide-sensitive factor adaptor protein 33) and vesicle-associated membrane proteins VAMP721 and VAMP722 (Kwon et al., 2008b) . The enrichment of the PEN1-SNARE complex at papilla sites has been considered as important for its functions, but this notion is now questioned as secretion of extracellular membrane material into the papillary matrix was demonstrated to occur independently of PEN1 (Nielsen et al., 2012; Nielsen and Thordal-Christensen, 2013) .
Another member of the SYP1 syntaxin family, SYP132, has been implicated in immune responses to bacterial pathogens. Silencing of the SYP132 homologue in Nicotiana benthamiana impaired secretion of pathogenesis-related proteins during bacterial infection, and compromised Pto kinase and NB-LRR Prf-mediated ETI to an AvrPto-containing strain of Pseudomonas syringae pv. tabaci (Kalde et al., 2007) . In addition, SYP132 deficiency attenuated salicylic acid (SA)-mediated defences and basal immunity to a type III secretion-defective strain of P. syringae pv. tomato (Pst) and non-pathogenic Agrobacterium (Kalde et al., 2007) . Although both PEN1/ SYP121 and SYP132 are PM localized and form SNARE complexes with VAMP721/722 (Yun et al., 2013) , their roles in disease resistance seem to be diversified and pathogen class specific: SYP132 cannot functionally replace PEN1/SYP121 during attempted Bgh penetration (Reichardt et al., 2011) , and silencing of a putative PEN1 orthologue does not affect Prf/ Pto-AvrPto resistance (Kalde et al., 2007) . Moreover, PEN1 but not SYP132 is constitutively recycled between the PM and endosomes, suggesting distinct cellular dynamics and functions of SYP1 family members (Reichardt et al., 2011) . It is assumed that the selective engagement of PM syntaxins tailors the VAMP721/722-mediated secretory pathway to target extracellular pathogens with different infection modes (Bednarek et al., 2010) . Consistent with this view, VAMP721/722-deficient Arabidopsis mutants are, in contrast to PM syntaxin-depleted plants, broadly impaired in immune responses to fungal, oomycete, and bacterial pathogens (Kwon et al., 2008b) .
In addition to SYP1 syntaxins, members of the SYP4 family were shown to play an important role in extracellular resistance responses to non-adapted powdery mildew fungi (Uemura et al., 2012) . All three SYP4 syntaxins (i.e. SYP41, SYP43, and SYP44) are localized to the TGN/EE and have partly overlapping functions in vacuolar and secretory transport pathways (Uemura et al., 2012) . A model was proposed whereby the SYP4 group might be engaged at the TGN/EE in the sorting of defence compounds into VAMP721/722-containing vesicles, which are subsequently targeted to the papillae for exocytic cargo release (Uemura et al., 2012) . Interestingly, the presence of PEN1 on the TGN/EE (Reichardt et al., 2011) was recently considered as more relevant for its site of action and a potential function in receiving/sorting of endocytosed papilla material (Nielsen and Thordal-Christensen, 2013 ).
An important example of how pathogens target the host secretory pathway is provided by the Avrblb2 effector protein from the oomycete Phytophthora infestans. Avrblb2 belongs to the RXLR-type effector family and is recognized by the NB-LRR immune receptor Rpiblb2 in wild potato Solanum bulbocastanum (Oh et al., 2009) . Avrblb2 was shown to accumulate preferentially around the intracellular haustoria of P. infestans, and compromised host immunity by interfering with secretion of the host cysteine protease C14 to the apoplastic region (Bozkurt et al., 2011) . Interestingly, C14 secretion was also disrupted in the Arabidopsis RING E3 ligase mutant keg (keep on going) following infection with the host-adapted powdery mildew fungus Golovinomyces cichoracearum, suggesting that C14 secretion during pathogen attack is ubiquitination dependent (Gu and Innes, 2012) . Reduced accumulation of C14 in the apoplast presumably compromises host proteolytic activity on apoplastic effector proteins and therefore allows pathogen propagation in the host.
Endomembrane relocalization
Host protein shuttling and relocalization between cellular compartments have recently emerged as important processes to mount immune responses. NB-LRR immune receptors have been localized to multiple compartments in unchallenged cells, and effector recognition has been linked to intracellular dynamics and redistribution of activated NB-LRRs (Caplan et al., 2008) . In the presence of effectors, subpools of nucleo-cytoplasmic NB-LRR proteins (e.g. Snc1, N, MLA, and Rx1) accumulate in the nucleus to initiate defence responses, in many cases by interaction with transcription factors (Shen et al., 2007; Caplan et al., 2008) . Strong support for a close link between NB-LRR proteins and transcriptional regulation was initially provided by RRS1-R, which is a chimeric protein of a Toll-interleukin 1 receptor domain (TIR)-type NB-LRR and WRKY-type transcription factor (Deslandes et al., 2003) . RRS1-R directly interacts with the PopP2 effector from Ralstonia solanacearum in the nucleus, and functions in a dual immune receptor system together with the TIR-NB-LRR protein RPS4 against different fungal and bacterial pathogens (Deslandes et al., 2003; Narusaka et al., 2009) . RPS4 was recently shown to form nucleo-cytoplasmic complexes with the basal defence regulator ENHANCED DISEASE RESISTANT 1 (EDS1), and thus emerged as one of the best-studied examples with regard to intracellular dynamics and cell compartment-specific regulation of immune responses (Wirthmueller et al., 2007; Heidrich et al., 2011) . In uninfected cells, the negative regulator SRFR1 (SUPPRESSOR OF rps4-RLD1) restricts a subpool of RPS4-EDS1 complexes on as yet unknown endomembranes (Bhattacharjee et al., 2011) . Upon bacterial delivery of the effector protein AvrRps4 into the host, AvrRps4 is cleaved by a host protease to produce a C-terminal fragment (AvrRps4 c ), which binds to its putative host target EDS1. Sensing of AvrRps4 c results in relocalization of RPS4-EDS1 complexes to the nucleus, which is essential for transcriptional defence activation and disease resistance. Importantly, RPS4-triggered immunity can be uncoupled from the HR, which mainly depends on activated cytoplasmic RPS4-EDS1 pools (Heidrich et al., 2011) . Both SRFR1 and EDS1 appear to be associated with other TIR-NB-LRR proteins (e.g. RPS6 and SNC1), suggesting that EDS1 is a guarded virulence target of multiple effectors (Bhattacharjee et al., 2011) .
Notably, the relocalization of activated immune receptor complexes to the nucleus cannot be considered as a universal model for the mode and site of NB-LRR protein action. For example, the coiled-coiled domain (CC)-type NB-LRR protein RPM1 does not require nuclear localization for its function, and remains constitutively associated with the plasma membrane, even upon activation by the bacterial effectors AvrRpm1 or AvrB . In addition, the CC-NB-LRR protein R3a from Solanum tuberosum showed redistribution from the cytoplasm to late endosomes in the presence of the effector protein AvrR3a from P. infestans (Engelhardt et al., 2012) . R3a targeting to late endosomes and subsequent induction of HR-associated cell death are sensitive to trafficking inhibitors BFA and wortmannin, thus retaining activated R3a in the cytoplasm (Engelhardt et al., 2012) . Two explanations may account for this observation: first, both BFA and wortmannin cause disintegration of endosomal compartments, and activated R3a is unable to relocalize to endosomes because the destination membranes are no longer present. Secondly, the molecular targets of BFA and wortmannin, ARF-GEF and PI3K/PI4K, respectively, may be required for endosomal trafficking of activated R3a and, thus, their inhibition impairs the relocalization mechanism. Currently, it is still not clear how targeting of R3a to late endosomes is linked to HR signalling, and whether endosomal R3a is subject to recycling or, more probably, en route to vacuolar degradation. As proposed for FLS2, removal of activated immune receptors might halt induced defences and prevent extended and costly immune system activation.
Collectively, these findings highlight the importance of various subcellular compartments in NB-LRR receptor signalling and regulation of immune outputs. In general, compartment specificity during protein relocalization is facilitated by a fundamental set of membrane trafficking-related proteins such as SNAREs, tethering factors, and RabGTPases (Richter et al., 2009) . In particular, the family of RabGTPases are key coordinators for membrane trafficking since they ensure delivery of cargoes to correct destinations by controlling membrane identity (Stenmark, 2009) . The Arabidopsis genome encodes an unusually large number of RabGTPases compared with yeast and mammals (Rutherford and Moore, 2002) . Therefore, the overelaborated RabGTPases in plants represent a bewildering and yet important area to explore with regard to its contribution to compartment specificity during NB-LRR receptor relocalization (Woollard and Moore, 2008) .
Endosomal recycling
Endosomal recycling of proteins is an important trafficking mechanism that facilitates signal transduction to execute essential cellular functions Richter et al., 2012) . Regulators of endosomal recycling are found among ARF-GEFs, which generally function in vesicle coat formation and vesicle-cytoskeleton interactions (Casanova, 2007) . The Arabidopsis genome encodes six ARF-GEFs that can be classified into the BIG or the GBF group (Teh and Moore, 2007) . AtMIN7 (HopM INTERACTOR 7) is a BIG-type ARF-GEF that is degraded by the Pseudomonas effector protein HopM1 (Nomura et al., 2006) . Upon infection, HopM1 hijacks the host 26S proteasome to destabilize AtMIN7, which could potentially be required for endocytic recycling of anti-bacterial compounds or immunity-related proteins. Interestingly, GNOM, a GBF-type ARF-GEF homologue of MIN7, is involved in asymmetric localization of PIN auxin efflux carrier proteins, and also known as the molecular target of the fungal toxin BFA (Geldner et al., 2003) . Since GNOM is localized to recycling endosomes, it is apparent that endosomal trafficking is of central importance for plant immunity. Indeed, BFA-sensitive GNOM mediates the delivery of extracellular membrane material into papillae during powdery mildew penetration and therefore contributes to basal resistance against Bgh (Nielsen et al., 2012) . More importantly, this function is directly linked to BFA sensitivity since BFA treatment alone was sufficient to compromise focal accumulation of PEN1 at the penetration site. Vice versa, expression of a BFA-resistant GNOM in the gnom mutant restored penetration resistance even in the presence of BFA (Nielsen et al., 2012) . Previously, GNOM was shown to have overlapping functions with a BFAresistant homologue GNOM-LIKE1 in endocytosis and early retrograde trafficking (Richter et al., 2007; Teh and Moore, 2007) . Whether such an overlapping function is extended to penetration resistance remains to be investigated.
Like GNOM, AtMIN7 is also predicted to be a BFAsensitive ARF-GEF, but the effects of BFA on AtMIN7 trafficking await further examination (Anders and Jurgens, 2008) . Recently, it was demonstrated that the destabilization of AtMIN7 by the effector protein HopM1 is prevented upon pre-activation of ETI by the effectors AvrRpt2, AvrPphB, and HopA1 (Nomura et al., 2011) . To gain insight into the underlying trafficking machinery, it would be important to compare the subcellular dynamics of the TGN-localized HopM1 and AtMIN7 under these conditions.
Vacuolar trafficking and fusion
Vacuolar processes play a central role in immune responses and execution of pathogen-triggered PCD in plants (HaraNishimura and Hatsugai, 2011) . The vacuole contains a variety of antimicrobial proteins and hydrolytic enzymes to target invading pathogens selectively as well as to degrade cellular content non-selectively during different forms of defence-and disease-associated cell death. These soluble proteins are typically transported as precursors from their site of synthesis at the ER via the endomembrane system into the vacuole, where they are further processed, for example by vacuolar processing enzymes (VPEs), into their mature and active forms (Shimada et al., 2003) . Intracellular trafficking of vacuolar proteins involves the action of vacuolar sorting receptors (VSRs) that are believed to recognize their cargo proteins at the late Golgi or TGN, and deliver them in clathrin-coated vesicles to MVBs/PVCs for subsequent vacuolar targeting (Zouhar et al., 2010; Sauer et al., 2013) . The retromer complex mediates recycling of VSRs back to the site of cargo recognition, but the locations of VSR-cargo and VSR-retromer interactions were recently questioned and proposed to take place already at the ER and TGN, respectively (Robinson and Pimpl, 2013) .
Different types of vacuole-mediated PCD have been described in response to pathogen attack (Hara-Nishimura and Hatsugai, 2011) . HR triggered by the bacterial effector proteins AvrRpm1 and AvrRpt2 in Arabidopsis has been demonstrated to engage a unique fusion process between the tonoplast and PM, resulting in the release of vacuolar content into the apoplastic space (Hatsugai et al., 2009) . This 'noncanonical secretion' (Bednarek et al., 2010) of anti-bacterial and hydrolytic compounds proved to be critical for restriction of bacterial growth and induction of hypersensitive cell death (Hatsugai et al., 2009) . Furthermore, the membrane fusion system appeared to be dependent on proteasome activity, as knockdown of the 20S proteasome subunit PBA1 or chemical inhibition of PBA1-associated caspase-3-like activity prevented HR induction (Hatsugai et al., 2009) . However, it remains unclear how effector recognition by the cognate PM-associated CC-NB-LRR proteins RPM1 and RPS2 is linked to the induction of the vacuole-PM membrane fusion process.
Another type of vacuolar PCD was observed during avirulent virus infection and in response to necrotrophic fungal toxins (Hatsugai et al., 2004; Kuroyanagi et al., 2005) . Initiation of the PCD process requires caspase-1-like protease activity of VPE, and involves vacuolar membrane collapse and release of hydrolytic content into the cytoplasm. In contrast to the membrane fusion-mediated pathway, VPE-dependent defences target mainly intracellular viral pathogens and appear to be less effective against extracellular bacteria (Rojo et al., 2004; Hatsugai et al., 2009) . Notably, VPE-mediated processes might be linked to mechanisms of autophagydependent HR, which may also require disruption of vacuolar membranes and release of hydrolytic enzymes during late execution steps (van Doorn et al., 2011) .
Autophagy in immunity and pathogen-triggered cell death

Autophagy core machinery and mutants
The high degree of conservation of the autophagy core machinery in eukaryotic cells has enabled the identification of a complement of autophagy-related (ATG) genes in Arabidopsis and other plant genomes (Doelling et al., 2002) . Biochemical and genetic studies in Arabidopsis further suggested their coordinated action in functional units analogous to autophagy pathways in yeast and mammals. Autophagy initiation and vesicle nucleation involve the ATG1-ATG13 kinase complex, the PI3K complex containing Beclin1/ATG6, and the ATG9-ATG2-ATG18 system, whose function in membrane recruitment to the phagophore still remains to be resolved in plants. In addition, two ubiquitin-like conjugation systems form ATG12-ATG5 and ATG8-phosphatidylethanolamine (ATG8-PE) conjugates that are required for phagophore expansion and autophagosome completion. Activation and lipidation of ATG8 are mediated by the cysteine protease ATG4 and the E1-like proteins ATG7 and ATG3. Because ATG8-PE conjugates remain attached to autophagosomal membranes during vacuolar trafficking, plant expression of fluorophore-tagged ATG8 family genes is widely used to monitor temporal regulation and subcellular dynamics of autophagy processes (Yoshimoto et al., 2004) . In addition, ATG8 proteins were shown to interact with Arabidopsis NBR1 and tobacco Joka2, which are functional hybrids of the mammalian autophagy adaptor proteins NBR1 and p62 (Svenning et al., 2011; Zientara-Rytter et al., 2011) . Plant NBR1 has been implicated as the cargo receptor of ubiquitinated protein aggregates and potentially other substrates of selective autophagy (Floyd et al., 2012; Zhou et al., 2013) . As NBR1 is also targeted by autophagy, its vacuolar degradation is regarded as a suitable marker for autophagy flux (Svenning et al., 2011) .
Loss-of-function mutations of many Arabidopsis ATG genes (e.g. atg5, atg7, atg4a atg4b, atg9, atg12a, and atg12b) resulted in similar autophagy-deficient phenotypes characterized by growth retardation and accelerated senescence (Doelling et al., 2002; Hanaoka et al., 2002; Thompson et al., 2005; Xiong et al., 2005; Hofius et al., 2009) . These features are relatively mild and occur at later stages of development under favourable growth conditions. However, nutrient limitation and other abiotic stress conditions (e.g. heat, drought, salt, or oxidative stress) induced autophagy in control lines and strongly impacted performance and survival of atg mutants. These findings confirmed important functions of plant autophagy in cellular homeostasis, nutrient recycling, and stress adaptation . Consistent with this, selective autophagic degradation was proposed to be required for basal or stress-induced turnover of chloroplasts, starch granules, ER membranes, and insoluble protein aggregates (Floyd et al., 2012; . However, the lack of severe developmental phenotypes in unchallenged Arabidopsis atg lines raised concerns about the availability of true autophagy null mutants (Hayward and DineshKumar, 2011) . Indeed, autophagosomes were reported to be still detectable in some knockout mutants despite the lack of ATG8-PE conjugate formation (Hayward and DineshKumar, 2011) . This might suggest the presence of an alternative autophagy pathway in plants, similar to the proposed Atg5/Atg7-independent variant in mammals, which requires Beclin1/Atg6 and the ULK1/Atg1 kinase (Nishida et al., 2009) . The embryonic lethal phenotype of the Arabidopsis beclin1/atg6 mutant may support this possibility, but a simultaneous knockout of the ATG1 gene family has not been reported so far (Hayward and Dinesh-Kumar, 2011) . Nonetheless, disruption of the ATG1-ATG13 kinase complex in atg13a atg13b double mutants resulted in similar phenotypic changes to those seen in the majority of atg knockouts (Suttangkakul et al., 2011) . Despite the accessibility of these mutants to functional studies, their premature ageing and hypersensitivity to multiple stresses complicate the analysis of autophagy in more specific processes. In particular, the use of older atg mutants in cell death-and immunity-related studies resulted in controversial conclusions and discussions (Hayward and Dinesh-Kumar, 2011; Hofius et al., 2011) .
Survival functions of autophagy in plant immunity
Autophagy has been established as a central branch of the innate immune system in metazoans, mainly to target intracellular bacterial and viral pathogens (Delgado et al., 2009) . In contrast, the functions of plant autophagy in basal immune responses to biotrophic and necrotrophic pathogens are less clear. While systematic studies on the role of autophagy during virus infections are still lacking, challenges of autophagydeficient mutants with bacterial pathogens resulted in contradictory results. Earlier studies by Patel et al. (2008) and Hofius et al. (2009) indicated enhanced growth of the virulent Pst strain DC3000 on ATG6-silenced and atg7 mutant plants (Hofius et al., 2009; Patel and Dinesh-Kumar, 2008) . In contrast, Lenz et al. (2011) reported that atg5, atg10, and atg18 knockout mutants displayed enhanced resistance to Pst DC3000 infections which was apparently not caused by alterations in PTI responses such as MAP kinase signalling or callose deposition. Instead, the resistance phenotype was mechanistically linked to elevated levels of SA and enhanced activation of SA-dependent responses in atg plants (Lenz et al., 2011) . This conclusion agrees with the earlier proposed function of autophagy in the negative control of SA-dependent signalling and cell death responses during senescence and pathogen attack (Yoshimoto et al., 2009) . Additional support for this model was provided by the fact that several atg mutants showed enhanced susceptibility to the necrotrophic fungi Alternaria brassicicola and Botrytis cinerea (Lai et al., 2011; Lenz et al., 2011) . However, it remains to be resolved whether the role of autophagy in basal immunity to necrotrophs is direct or rather related to its general homeostatic function during stress and senescence, where toxic metabolites, oxidized proteins, or damaged organelles need to be removed. Such cellular debris could equally well be the cause of elevated SA levels in autophagy-deficient mutants, which would make them more sensitive to additional stresses. This notion is further supported by the observation that most of the phenotypes in atg mutants are suppressed by genetic inhibition of SA biosynthesis and signalling, and that enhanced susceptibility to necrotrophs is linked to senescence-associated processes (Yoshimoto et al., 2009; Lai et al., 2011) . Similarly, the unrestricted spreading of immunity-related cell death beyond the initial infection site in atg mutants is age dependent and detectable only in older plants or leaf stages several days after challenge with AvrRpm1-containing Pst DC3000 (Yoshimoto et al., 2009) . These results reinforced earlier evidence for a protective role of autophagy during HR cell death triggered by Tobacco mosaic virus (TMV) infection in N. benthamiana plants (Liu et al., 2005) . Silencing of Beclin1/ATG6 and other ATG genes resulted in progression of cell death into uninfected tissue of local and systemic leaves, which appeared to be temporarily separable from HR at infection sites. A model was proposed in which autophagy is activated outside HR lesions to eliminate mobile pro-death signals (Liu et al., 2005) . However, the nature of these signals as well as the morphological and genetic characteristics of spreading cell death compared with HR PCD remain elusive.
Death-promoting functions of autophagy
The pro-survival function of autophagy is opposite to its prodeath role observed in primary infection sites during the time course of HR (Hofius et al., 2011) . Several atg mutants were shown to reduce HR significantly in response to Pst DC3000 (AvrRps4 or AvrRpm1) as well as Hyaloperonospora arabidopsidis (Hpa) infection (Hofius et al., 2009; Kwon et al., 2013) . The strongest suppression in atg mutants was detected for HR conditioned by the TIR-NB-LRR immune receptors RPS4 and RPP1, thus resembling the phenotype of the eds1 mutant that is fully compromised in TIR-NB-LRR-activated cell death (Hofius et al., 2009) . In contrast, HR triggered by the CC-NB-LRR protein RPS2 in a strictly NON RACE-SPECIFIC DISEASE RESISTANCE (NDR1)-dependent manner appeared to be largely unaffected by autophagy deficiency. Instead, as mentioned above, AvrRpt2-activated RPS2 engages the proteasome-regulated membrane fusion system as an alternative route for cell death execution (Hatsugai et al., 2009) . Importantly, AvrRpm1-triggered HR involves both autophagy-and proteasome-dependent forms of vacuolar cell death, and other protease activities, for example provided by metacaspases and cathepsins, may act in conjunction or in parallel with these pathways (Hofius et al., 2009; Coll et al., 2010) .
The dual roles of autophagy in survival and death pathways during plant immune responses were recently corroborated by studies on the Rab GTPase RabG3b . Initially identified during secretome analysis of SA-treated Arabidopsis plants (Oh et al., 2005) , RabG3b was demonstrated to contribute positively to developmentally regulated autophagic cell death in tracheary element differentiation (Kwon et al., 2010b) . Transgenic expression of a constitutively active (CA) variant of RabG3b (RabG3bCA) promoted autophagy activity and xylem formation, resulting in increased stem length and biomass production in Arabidopsis and poplar (Kwon et al., 2010a (Kwon et al., , 2011 . Importantly, Arabidopsis RabG3bCA plants showed spreading of HR PCD through uninfected tissue within a day after Pst DC3000 (AvrRpm1) challenge, which was remarkably different from slowly progressing 'chlorotic' cell death in atg mutants over a period of days and weeks. RabG3bCA overexpression was correlated with rapid and strong accumulation of autophagy structures upon bacterial infection, supporting a death-promoting role for autophagy in ETI-associated HR. Notably, RabG3bCA and atg plants showed similarly enhanced susceptibility to A. brassicicola infection (Kwon et al., 2009 , which raises doubts about a direct role for autophagy in basal immunity to necrotrophs. Other systems with enhanced autophagy activity and/or inducible silencing of ATG genes are needed to dissect further the pro-survival and pro-death activities of autophagy in the regulation of HR and immunity.
Intersections of membrane trafficking and autophagy
The autophagy process is initiated by nucleation of membranes that progressively expand and enclose cytoplasmic cargo to form double-membrane autophagosomes. In mammalian cells, autophagosomes mature through fusion of different endocytic compartments to become autolysosomes, whereas in yeast and plants, autophagosomes are assumed to fuse directly with the lytic vacuole for subsequent cargo digestion (Tooze and Yoshimori, 2010) . Given that the formation and degradation of autophagosomes require membrane delivery and a series of homotypic and heterotypic fusions with other cellular compartments, it is expected that membrane trafficking plays fundamental roles in the regulation and execution of autophagic processes. Indeed, core regulatory proteins of membrane trafficking pathways, such as RabGTPases, ARFs, and PI3Ks, were shown to contribute significantly to autophagy initiation, autophagosome biogenesis, and maturation in yeast and mammalian cells (Orsi et al., 2010; Chua et al., 2011; Wang et al., 2013) . The positive role of Arabidopsis RabG3b in the regulation of autophagy under developmental and pathogen-induced conditions (see above) strongly suggests conserved interconnections of membrane traffic regulators and autophagy processes in plants. Recent findings seem to add to this view, and we will discuss them together with other emerging links from non-plant systems below (see also Fig. 2) .
SNARE complex
Since the fusion of cargo vesicles with target membranes is of central importance to any trafficking pathway, it is not surprising that SNARE complexes have been connected to autophagy mechanisms across the eukaryotic kingdom (Moreau et al., 2013) . The Arabidopsis SNARE protein VTI12 and the regulatory Sec1/Munc18 (SM) family protein VPS45 (VACUOLAR PROTEIN SORTING 45) were previously shown to reside on the TGN and to co-purify with the same complex, suggesting that they are associated partners in a SNARE complex (Bassham et al., 2000) . Circumstantial evidence suggested that VTI12 and VPS45 may act together in vacuolar trafficking and autophagosome turnover, since VTI12 knockout mutants and VPS45-silenced lines were defective in transport of vacuolar storage cargo as well as in autophagy-related nutrient recycling under starvation conditions (Surpin et al., 2003; Zouhar et al., 2009) . Interestingly, defects of vacuolar function in VPS45-deficient plants were linked to altered recycling and subsequent mislocalization of VSRs, suggesting that the VPS45-regulated SNARE complex is required for membrane fusion of retrograde vesicles at the TGN (Zouhar et al., 2009) . Displacement of VSRs has also been observed in mutants of retromer components VPS35 and VPS29 (Yamazaki et al., 2008) , but a similar impairment of autophagy-related vacuolar trafficking has not been reported in these mutants so far. It also remains elusive whether vacuolar dysfunction in VTI12-and VPS45-deficient plants has a negative impact on pathogen-induced autophagy and PCD execution.
ESCRT complex
Selective sorting of monoubiquitinated transmembrane proteins from endosomes into intraluminal vesicles of PVCs/MVBs relies on the sequential action of ESCRT (ENDOSOMAL COMPLEX REQUIRED FOR TRANSPORT) complexes (Schellmann and Pimpl, 2009) . The ESCRT machinery consists of three subcomplexes (ESCRT-I to ESCRT-III), and overexpression of a dominant-negative form of the ESCRT-III core subunit VPS2.1 resulted in hypersensitivity to Fig. 2 . Potential intersections of membrane trafficking and autophagy during immunity-associated cell death execution. Following bacterial effector recognition, the NB-LRR proteins RPS4 and RPM1 activate autophagy that contributes to vacuole-mediated PCD execution (Hofius et al., 2009) . RPS4-conditioned autophagy induction occurs via EDS1, but it remains elusive whether nuclear or cytoplasmic pools of RPS4-EDS1 complexes are responsible for autophagy initiation. In addition, it is still unclear where the material for membrane nucleation (i.e. the phagophore) is derived from. Endocytic processes were proposed to contribute to phagophore formation in plants (Yano et al., 2004; , but other endosomal compartments and organelles, such as the ER (see Note Added in proof) might serve as an additional or predominant source of the pre-autophagosomal membrane as demonstrated in mammalian cells (Tooze and Yoshimori, 2010; Bernard and Klionsky, 2013) . Conjugated ATG8-PE and the cargo adaptor protein NBR1 are frequently used to monitor autophagosome formation and autophagic flux. Autophagosomes are assumed to fuse directly with the vacuole for cargo release, but it cannot be excluded that fusion processes might involve MVBs (dashed arrows) as demonstrated in mammalian cells (Fader and Colombo, 2009) . The exocyst component EXO70B1 associates with internalized autophagic structures, suggesting formation of an autophagy-related exocyst complex involved in vacuolar import of autophagosomes. Similarly, RabG3b co-localizes with ATG8 on autophagic structures and was shown to be involved in positive regulation of autophagy activity. Vacuolar turnover of autophagosomes is ubiquitination dependent and involves the ESCRT-AMSH1 complex. It is unclear whether AMSH1 and ESCRT-III are directly involved in autophagosomal fusion to the vacuolar membrane or rather are required for MVB-mediated sorting of proteins involved in autophagic degradation. The VPS45-and VTI12-containing SNARE complex localizes to the TGN/EE and is assumed to contribute to membrane fusion of retrograde vesicles and recycling of vacuolar sorting receptors (VSRs). VSRs are involved in trafficking of vacuolar cargo, which may include proteases for digestion of autophagosomes. VSR recycling from the MVB to TGN also involves the retromer complex, which has not yet been linked to autophagic processes in plants (see the text for further details). Note added in proof: In a recent study, Zhang X. and co-workers have identified the BAR-domain protein SH3P2 as important regulator of autophagosome formation, and provided substantial evidence that the endoplasmatic reticulum serves as membrane source of the phagophore in plants (Plant Cell, 2013 Nov 18, epub ahead of print; www.plantcell.org/cgi/doi/10.1105/tpc.113.118307).
darkness-induced carbon starvation, increased abundance of the autophagy marker ATG8, and reduced accumulation of autophagic bodies in the vacuole (Katsiarimpa et al., 2013) . Importantly, a knockout mutant of the VPS2.1-interacting deubiquitinating enzyme AMSH1 (ASSOCIATED MOLECULE WITH SH3 DOMAIN OF STAM3) showed similar phenotypic alterations, which are reminiscent of autophagy mutants. These findings suggested that VPS2.1 and AMSH1 are essential for vacuolar delivery of autophagosomes and subsequent degradation of the autophagic cargo. It is not known whether AMSH1 and ESCRT-III are directly involved in autophagosomal fusion to the target membrane, or rather required for proper MVB-mediated sorting of proteins important for this process (Katsiarimpa et al., 2013) . Similar to atg mutants, autophagic defects in amsh1 increased SA signalling and stress-induced cell death, which conferred enhanced susceptibility to the necrotrophic fungus A. brassicicola as well as enhanced resistance to the obligate biotrophic fungus Erysiphe cruciferarum. Interestingly, mutants of the ESCRT-I complex components VPS28-2 and VPS37-1 displayed enhanced susceptibility to virulent strains of the biotrophic oomycete Hpa. In this case, it was speculated that endosomal trafficking defects might impact degradative sorting of PRRs or effector proteins (Lu et al., 2012) . A potential connection of these processes to autophagic trafficking and degradation has not yet been considered and investigated.
Exocyst complex
Correct targeting of transport vesicles to destination membranes requires a range of accessory proteins. Exocyst is a multiprotein complex that is involved in tethering secretory vesicles to the plasma membrane prior to SNARE complex formation and membrane fusion (Heider and Munson, 2012) . In mammalian cells, exocyst has been shown to act as a scaffolding platform for the activation and nucleation of starvation-induced autophagosomes (Bodemann et al., 2011) . In a current model, the small GTPase RalB binds upon nutrient deprivation to its effector EXO84, which replaces SEC5 in the inactive excocyst and induces the assembly of active ULK1/Atg1 and Beclin1-VPS34 complexes on the exocyst (Bodemann et al., 2011) . The role of the Arabidopsis exocyst in secretion and polarized cell growth is well established (Hala et al., 2008; Pecenkova et al., 2011; Drdova et al., 2013) , but its contribution to the autophagic pathway is poorly defined. Recently, the exocyst subunit EXO70B1 was implicated in autophagosomal transport to the vacuole (Kulich et al., 2013) . Mutants of EXO70B1 showed autophagy-related phenotypes, including increased sensitivity to nitrogen starvation, decreased accumulation of autophagic bodies in the vacuole, and activation of SA-dependent chlorotic cell death. Interestingly, EXO70B1 was found to interact with EXO84 and SEC5, and to co-localize with the autophagy marker ATG8 on internalized vesicles in the vacuole (Kulich et al., 2013) . These findings strongly suggested the formation of an autophagy-related exocyst complex, whose composition shows some similarities to the mammalian counterpart. However, the EXO70B1-containing exocyst subcomplex seems to be involved in vacuolar import rather than in the initiation and formation of autophagosomes. It is likely that EXO70B1-related functions in autophagy execution might contribute to pathogeninduced cell death and immunity, but this connection has not been addressed so far. In contrast, other exocyst subunits were shown to be transcriptionally up-regulated in response to pathogen and elicitor treatments, and knockout mutants of the exocyst subunits EXO70B2 and EXO70H1 displayed weakened non-host immunity to Pseudomonas syringae pv. maculicola and Bgh (Pecenkova et al., 2011) . These findings were mainly linked to a role for EXO70B2 and EXO70H1 in the secretory extracellular defence. In addition, EXO70B2 was recently identified as a target of the U-Box-type ubiquitin ligase PUB22 and shown to be required for PAMP signalling (Stegmann et al., 2012) . Notably, the same study also indicated an impairment of EXO70B1 mutants in PAMP responses. It remains to be investigated whether a PTI-related function of EXO70B1 is linked to its role in autophagy trafficking.
Beclin1/ATG6
Yeast ATG6/VPS30 and its Beclin1 orthologues in higher eukaryotes are part of distinct VPS34/PI3K complexes and have essential functions in membrane trafficking events during the initiation of autophagy (Mizushima, 2007) . In contrast to other ATG genes, loss-of-function mutations in Beclin1/ ATG6 cause lethality in animals and plants, which suggested additional functions of these proteins beyond autophagy (Yue et al., 2003; Fujiki et al., 2007; Qin et al., 2007) . Consistent with this, Beclin1/ATG6/VPS30 has been implicated in endocytic processes in mammalian cells as well as in vacuolar protein sorting and endosome-to-Golgi retrograde trafficking in yeast and Caenorhabditis elegans (Wirawan et al., 2012) . Arabidopsis Beclin1/ATG6 is able to functionally complement the ATG6/ VPS30 yeast mutant, suggesting that the distinct roles of Beclin1 in autophagy and retrograde trafficking are conserved in plants (Fujiki et al., 2007) . Non-autophagic functions of Arabidopsis Beclin1 have been mainly connected to pollen germination and male fertility (Fujiki et al., 2007) , but a more mechanistic understanding of the contribution of Beclin1 to membrane trafficking processes has thus far been prevented by the pleiotropic phenotypes observed in the AtBeclin1 knockdown lines (Patel and Dinesh-Kumar, 2008) . In the mammalian system, important insight into the multifunctional characteristics of Beclin1 is provided by the growing number of components that make up the 'Beclin1 interactome' (He and Levine, 2010) . It is assumed that Beclin1 and its binding partners assemble in distinct complexes to regulate and target VPS34/PI3K activity to different steps in the autophagy process and other membrane trafficking pathways (Funderburk et al., 2010) . In addition, the interaction of Beclin1 with the anti-apoptotic protein Bcl-2 provided a primary example for a regulatory interface between autophagy and apoptosis, and the targeting of Beclin1 by various viral proteins indicated its importance in the control of viral pathogenesis and immunity (He and Levine, 2010) . Similar studies in plants would represent an important avenue to follow in the future to link autophagy potentially to other membrane trafficking, cell death, and defence pathways.
Conclusions and future perspectives
Tremendous progress has been made during the last few years in unravelling the role of membrane trafficking in plant immune responses. The availability of advanced confocal and electron microscopy, membrane compartment markers, and pharmacological trafficking inhibitors allowed the step-wise dissection of transport routes involved in immune receptor dynamics and secretory defences. In addition, these tools proved to be invaluable for recent achievements in the functional analysis of pathogen effectors and their host targets. In contrast, the investigation of autophagic trafficking and vacuolar processes in the regulation of PCD and disease resistance has thus far been dominated by biochemical and genetic approaches. In particular, suppression of autophagy by knockout and knockdown of essential ATG genes resulted in contradictory results and opposite conclusions, which seem to be mainly caused by pleiotropic and overlapping phenotypes triggered in response to lifelong autophagy deficiency. Only recently, attempts were made to reconcile these various findings, and there is an increasing acknowledgement of both pro-survival and pro-death functions of autophagy in the control of HR and immune responses (Hayward and DineshKumar, 2011; Hofius et al., 2011; Kwon et al., 2013) . Notably, these recent advances could be, at least partly, achieved by the analysis of transgenic lines that exhibit increased autophagy activity due to constitutive action of a RabGTPase membrane traffic regulator . This important discovery clearly points towards the necessity to screen systematically for positive genetic regulators and chemical inducers of autophagy. Comparing the consequences of increased and decreased autophagy activity on immune responses seems to be crucial to distinguish between direct and indirect functions of autophagy in defence and disease. Together with the other examples discussed, it also highlights the potential regulatory roles of endosomal trafficking proteins in mediating death-promoting autophagy during pathogen attack. For a more in-depth mechanistic understanding of the molecular and functional links between membrane trafficking and autophagy, the available spectrum of advanced cell biological methodologies needs to be extensively integrated into immunity-related PCD and autophagy research. However, it remains puzzling that the involvement of membrane trafficrelated proteins in the regulation of autophagy is only poorly documented in plants. One obvious explanation could be that functional redundancy among members of the large protein families masks any discernible phenotypes in genetic screens. Therefore, alternative proteomics approaches might help to identify novel regulators of trafficking events associated with phagophore formation, autophagosomal maturation, and vacuolar degradation. In this regard, the purification of autophagosomes and identification of associated proteins in mammalian cells uncovered an unexpected role for the retromer complex in the autophagic process (Dengjel et al., 2012) . This example together with other intersections found in non-plant systems pave the way for the comprehensive analysis of membrane trafficking proteins in the regulation of autophagy during PCD and immunity in plants.
